In this paper, we review the concept of sustainability with regard to a single-species, age-structured fish population with density dependence at some stage of its life history. We trace the development of the view of sustainability through four periods.
INTRODUCTION
Agent Smith: 'Every mammal on this planet instinctively develops a natural equilibrium with the surrounding environment. But you humans do not. You move to an area and you multiply and multiply until every natural resource is consumed and the only way you can survive is to spread to another area. There is another organism on this planet that follows the same pattern. . . A virus. Human beings are a disease, a cancer of this planet. You are a plague. ' The Matrix (see http://www.scifiscripts.com/ matrix_97_draft.txt) weight of, hold up, keep from falling or sinking' or 'keep going continuously'. We perceive that scientists in the natural resources fields are similarly concerned with resources not diminishing and that they remain at a relatively high level over a long time period. A definition of sustainability specific to fisheries appears in the report 'Sustaining marine fisheries' from the National Research Council (1999): 'Fishing activities that do not cause or lead to undesirable changes in biological and economic productivity, biological diversity, or ecosystem structure and functioning from one human generation to the next . . . conducted over the long term at an acceptable level of biological and economic productivity without leading to ecological changes that foreclose options for future generations'. Wefering et al. (2000) state: 'The concept of sustainability combines the needs of present and future generations, and takes the interdependencies of economic activities and ecological status into account'.
One major problem in defining sustainability is that most definitions like these are not operational, in the sense that they do not contain a set of specific rules or procedures to tell whether a particular fishery or ecosystem meets the definition. According to Wefering et al. (2000) , 'the goal of sustainable development has a noteworthy weakness-the difficulty of measuring sustainability'. They further asserted that there is a need for sustainability indicators: reference values and sustainability thresholds, and the adequate representation of reversible and manageable processes. Nevertheless, current operational definitions seem arbitrary, ambiguous or applicable only to particular situations. Larkin (1977) noted that earlier attempts to improve on MSY by defining 'optimum yield' were plagued by the similar lack of an operational basis. Fogarty & Murawski (1998) observed: 'Although sustainability is an explicit objective of fishery policy in many areas throughout the world, articulation of this principle has not prevented overexploitation of many stocks. Clear and meaningful objectives with specific management goals must be stated and implemented'.
To make the definition of sustainability more operational, Charles (2001) , in the book Sustainable fishery systems, breaks sustainability into four components: (i) ecological, (ii) socio-economic, (iii) community and (iv) institutional. The ecological component involves the single-species resource base, interacting species and the ecosystem in which they are embedded. The socio-economic component involves macro-level socio-economic welfare related to overall net revenue and employment. The community component refers to micro-level socio-economic welfare at the level of individual communities. Finally, the institutional component relates to the management structure that is developed to provide for the first three components and involves the regulatory and management Figure 1 . Natural (M ) and fishing mortality (F ) as a function of age for the prototype. Fishing mortality shows the selectivity of the gear as a function of age and is shown at the rate producing MSY. The value for natural mortality at age 9 is 1.5. . The Ricker spawner-recruit function for the prototype, showing the relationship between scaled age 1 abundance (age 1 abundance multiplied by lifetime egg production) and number of eggs produced. Recruitment is scaled so that the 45 replacement line can be drawn. The intersection is the equilibrium point and it is stable, because the absolute value of its slope is less than 1. . Trajectory of the prototype over 50 years with fishing at the rate producing MSY, showing convergence to a lower stationary, stable population than with no fishing. Key as in figure 5 .
Sustainability in single-species population models T. J. Quinn II and J. S. Collie 149 structures. In this paper, we focus only on the ecological component related to single species. Historically, the sustainability of fish populations and their fisheries has been predicated on what is called the 'single-species approach', in which assessments and management recommendations are made using data only from the species of interest. The surplus production beyond that necessary for maintaining the population is considered available for human use. The centrepiece of the singlespecies approach is a population dynamics model that integrates the biological processes affecting the population, the effects of harvesting and the information collected from its fisheries and from scientific studies.
Criticisms of this approach have intensified in the past ten years and include the following.
(i) Assessment models are biased because they do not incorporate the predation by other species. (ii) Assessment models are limited because of their emphasis on equilibrium solutions, such as MSY. (iii) Assessment models do not usually account for environmental changes, whether interannual or interdecadal. (iv) A correct assessment approach requires that a multispecies framework be used. (v) Harvest recommendations from single-species assessment do not consider the needs of other species. (vi) Harvest recommendations from single-species assessment involve the deliberate fishing down of a population and therefore adversely change the ecosystem. (vii) The single-species approach is invalidated, because overfishing has occurred for at least a majority of the world's fisheries. (viii) Single-species approaches do not account for the indirect effects of fishing (e.g. bottom fishing on habitat quality).
We review the history of the single-species approach and show how the underlying features of single-species models are important to the definition of sustainability. This relationship involves the biological processes affecting a population such as growth, reproduction, mortality, density dependence and stochasticity. Using a prototype of a fish population and fishery, we illustrate these key processes and their influence on population dynamics. We clarify the limits of single-species assessment models by commenting on the above criticisms. We assert that the single-species approach still has much to offer and recommend that it continue to be used and improved. At the same time, new approaches need to be developed to account for other components of sustainability such as multi-species interactions, but these should not cause the single-species approach to be abandoned.
SINGLE-SPECIES MODELS
The single-species approach can be divided into three parts: the population assessment model, the management strategy resulting from the model and the implementation of the strategy. We deal with only the first two parts. Implementation is related to the fourth component of Charles's (2001) definition of sustainability (institutional and management issues). Sissenwine & Mace (2001) contend that much of the overfishing that has occurred can be traced to implementation failure rather than to the failure of scientific advice resulting from the first two parts. Population assessment models, reviewed thoroughly in Hilborn & Walters (1992) and Quinn & Deriso 1999 , have varying levels of complexity. Surplus production models combine biological processes into a few population parameters such as intrinsic rate of increase and carrying capacity. Delay-difference models account explicitly for growth, mortality and recruitment in an age-structured setting, but do not use age-structured data. Age-structured assessment models integrate biological factors and use a variety of data. Length-or size-structured models are generalizations of age-structured models that use lengthstructured data and focus on the conversion of length to age with growth models.
Regardless of which model form is used, the long-term behaviour is the same, in that the population usually converges to a stable equilibrium value (but see x 4a for chaotic behaviour). This convergence requires density dependence, usually in early life history. The most prominent type of density dependence involves compensatory reduction in early life survival as the population increases, in which 'density' may be measured in terms of the total population, spawning population, population during early life or these quantities per unit area. We avoid population models with density independence, because they admit only exponential behaviour to either infinite or zero population size. We further avoid models with constant recruitment, which are unrealistic in the limits of low and high population size. Recruitment cannot be constant at very low spawning sizes because too few eggs are produced. It cannot be constant at very high population sizes, because there would be insufficient food or habitat for the population. Constant recruitment always leads unrealistically to a sustainable population, because there is always a new set of individuals to replace those that die, no matter what the cause.
We classify the scientific study of sustainability into four periods. Classical sustainability (say 1970s and before) deals with deterministic population models not subject to environmental or stochastic variability. Post-classical sustainability (say 1980s) incorporates either depensation (low survival at low population size) or stochasticity (random variation) in early life history. In modern sustainability (say 1990s), precaution is further considered and leads to more conservative approaches. Finally, we are entering the post-modern period, in which additional components of sustainability related to ecological and socioeconomic considerations are included. The first three periods have seen primarily single-species approaches. We admit that our categories are necessarily crude and that the evolution of sustainability in view of biological processes has not been a strictly linear process. Nevertheless, these nominal categories and time periods serve to illustrate some dramatic changes in both modelling of populations and in the perception of what scientifically constitutes the sustainability of natural populations.
CLASSICAL SUSTAINABILITY
Without loss of generality, we consider a deterministic, age-structured population with density dependence in its early life history (Quinn & Deriso 1999, ch. 7) . The density dependence is represented by a spawner-recruit relationship, such as the Ricker or Beverton-Holt. Recruitment is defined as the abundance of 1-year-olds and spawning is quantified by the amount of egg production (the sum over age of the product of abundance, maturity and fecundity). The spawner-recruit function is written as N 1;tþ1 ¼ Eggs t Â S 0 ðEggs t Þ, in which Eggs t is the egg production in year t and S 0 is the density-dependent survival for age 0. The population is subject to both natural (M ) and fishing (F ) mortality. For ages a older than 1 year, a recursion relationship governs the population dynamics:
For reasonable values of M and F that are constant over time, the population (usually) tends to a positive equilibrium abundance (in numbers) and biomass (in weight). Consequently, there are also positive equilibrium values for catch (in numbers) and yield (in weight). When fishing mortality F ¼ 0, the population tends to its carrying capacity K (also known as unfished, pristine or virgin biomass). The formula for K can be written in abundance or biomass as the sum of equilibrium abundances or biomasses at age, or
where K a ¼ ðjuvenile survivalÞ Â ðadult survival to age aÞ, W a ¼ average weight at age a, R 1 ¼ P a maturity a Â fecundity a Â K a ðlifetime eggs per 1 year oldÞ, S À1 0 ð Þ ¼ inverse function of progeny=egg production relationship (see Quinn & Deriso 1999, ch. 7, eqns (7.42 ) and (7.46)). The ratio of progeny to egg production is early-life survival from age 0 to age 1 and is clearly a function of egg production. Thus, K is a derived quantity that is a function of lifetime egg production of a 1 year old, the inverse function of early life survival and cumulative survival values from age 1 up to each successive age. Thus, carrying capacity results from reproductive and mortality processes, some of which may be affected by prior fishing. When any of these processes is not constant over time, then K should not be viewed as a constant.
We develop a hypothetical prototype of an age-structured population to illustrate these concepts. The population has 10 ages. Natural mortality M is a U-shaped function of age, with the highest mortality during the early life history and increasing mortality as senescence approaches at the older ages (figure 1). Fishing mortality F is a logistic function of age, in which 50% selectivity occurs at age 3. This function is also illustrated in figure 1, corresponding to fishing at a rate that produces MSY (see figure 6 legend).
Length L is modelled as a typical von Bertalanffy function, and weight W is an isometric (cubic) function of length (figure 2). Maturity is a logistic function of age, in which 50% are mature at age 5 (figure 3). Fecundity is an isometric function of length (figure 3). A Ricker spawnerrecruit relationship (N 1 ¼ Eggs Â aexpðÀbEggsÞ) is used to determine the number of age 1 individuals from the number of eggs produced by the spawning population (figure 4). Population parameters are given in table 1. None of the population parameters is a function of time, so that carrying capacity K is a constant. Two initial populations are examined: a low population well below the Table 1 . Parameters used in the prototype of an age-structured fish population and low and high initial population numbers at age for the prototype simulations. (Notation is as in Quinn & Deriso (1999 Sustainability in single-species population models T. J. Quinn II and J. S. Collie 151 equilibrium level and a high population above the equilibrium population but with an age distribution far from that of equilibrium. When no fishing occurs, the population equilibrates to its carrying capacity K of almost 2300 individuals, aged 1 year and older (figure 5). The population also has a stable age distribution at equilibrium. These results are independent of whether the population starts low or high. The initial population size influences the trajectory of the approach to equilibrium but not its final outcome. The resulting stationarity of abundance and stability of its age distribution is a result of density dependence in the spawner-recruit relationship and not an assumption being made.
When fishing occurs, there is a continuum of sustainable (meaning positive) yields and populations, starting at F ¼ 0 with zero yield and equilibrium population at carrying capacity (figure 6). There is a fishing mortality, F MSY , which results in MSY, and a higher value, F ext , for which the population is eventually driven to extinction (termed F s , Mace 1994; or F crash , ICES 1997). For each F between 0 and F ext , there is a corresponding sustainable population. The trajectory of the population, illustrated in figure 6 when F ¼ F MSY , shows equilibration to a lower population size than the carrying capacity. A finite value for F ext may not exist for some populations depending on the nature of the spawner-recruit relationship or when mean age of spawning is much below mean age of capture.
This classical model suggests that fishing mortality is the most important control variable in managing a fishery and that a population at a low level can rebuild quickly to the optimal MSY level. Much of the initial scientific advice regarding catch limits in the 1970s and before, developed from this type of deterministic model. Consequently, the fishing mortality abundance target limit overfishing Figure 7 . The classical notion of sustainability, with sustainable combinations of fishing and abundance shown in white and unsustainable ones in black. F MSY is the target fishing mortality and F ext is the limit, beyond which the population eventually goes to extinction. In the classical view, current population abundance is not a factor in sustainability, because typical models always have the capability of rebuilding. classical view is that F MSY should be viewed as a target, and that F ext is a limit to be avoided (figure 7). Because of quick rebuilding, there is no need for abundance thresholds for curtailing fishing in this view.
NEOCLASSICAL SUSTAINABILITY
The classical view is at odds with our modern perception that a fish population at a low level is susceptible to collapse or not rebuilding. There are many examples of fish populations that have been reduced to low levels that do not seem to respond quickly (e.g., Zheng et al. 1995; Hutchings 2000; Anderson & Rose 2001) . The presence of low survival at low population levels is known as depensation. It is formally defined as those population levels for which d(R/S)/dS > 0. A heuristic explanation of this condition is that early-life survival (R/S) is increasing as egg production S increases. Consequently, a decline in a population will cause early-life survival to decline, which exacerbates the population decline. By contrast, for a population without depensation, there would be a compensatory increase in early-life survival as a population declined, which would ameliorate the population decline. Depensation can arise from intraspecific causes, such as the inability to find mates at low population density. It can also arise from interspecific causes, such as a high predator population, which continually crops the prey population when it is at low levels.
Furthermore, the deterministic character of the classical model ignores stochasticity in population processes that could also contribute to lack of recovery. The most important and largest source of variation in population processes is usually in the early life history, which is described by the spawner-recruit function in a population model. Such variation is probably driven by interannual and interdecadal fluctuations in the environment and ecosystem, which may induce changes at all trophic levels. In the neoclassical view of sustainability, depensation and stochasticity are formally incorporated into population models. These two processes began to receive much attention in the 1980s.
(a) Depensation To illustrate the effect of depensation, we modify our prototype by replacing the Ricker spawner-recruit model with the depensatory gamma model: N 1 ¼ Eggs c Â aexp ðÀbEggsÞ. Parameter a is changed to 1 Â 10 À8 and c is set to 1.35 to give a similar curve to the Ricker model, only with the inclusion of depensation for egg production levels of 1 Â 10 8 (calculated as ðc À 1Þ=b) or less (figure 8). Note that the depensation point is different from the inflection points of the curve. The two inflection points, given by ðc^ffi ffi ffi c p Þ=b, are on either side of the curve's peak. The depensatory prototype still has a stable equilibrium, as evidenced by the absolute value of its slope being less than one where it intersects the replacement line. The trajectory of the depensatory prototype (figure 9) is much different from the classical one (figure 5) when the population starts low, although both eventually approach stable equilibrium. The depensation point is not reached until year 30, showing clearly that depensation extends the time to rebuild. Depensation forces recruitments to be low for the first 30 years, which slows population growth. Other mechanisms that could produce low recruitments, such as a regime shift, would create the same effect, independent of . Trajectory of an alternate population, wherein recruitment is identical to the unfished, chaotic depensatory prototype ( figure 10a ) and the population is fished at F¼ 0:3, showing that chaotic dynamics remain with fishing. Key as in figure 5 .
Sustainability in single-species population models T. J. Quinn II and J. S. Collie 153 cause. Thus biological and environmental effects on recruitment are difficult to separate. In practice, it has been difficult to demonstrate the existence of depensation with observed spawner-recruit data (Myers et al. 1995; Lierman & Hilborn 1997) . Even in salmonid populations with a three order of magnitude range in spawner abundance, there is no clear pattern of reduced per capita survival at low spawner abundance (Collie et al. 1990) . Furthermore, detecting depensation may be almost impossible for heavily fished populations, because fishing may depress reproductive potential continually, which would prevent rebuilding in itself.
Further complicating the understanding of population processes is the presence of limit cycles and chaos for sufficiently high values of the spawner-recruit parameter a (regardless of what spawner-recruit model is used). Such occurrences challenge our conventional understanding of sustainability. To illustrate this problem, we increase a by a factor of 10 in the depensatory prototype with no fishing and then add fishing at the fully selective F values of 0.3 and 0.5 (figure 10). Under no fishing, the population exhibits wildly chaotic fluctuations in recruitment, seemingly resembling totally random fluctuations, but nevertheless a function of the spawner-recruit relationship. These fluctuations then carry through the subsequent ages in the population. When F ¼ 0:3, the outcome is a limit cycle with a period of 14 years. When F ¼ 0:5, the population converges to a stable equilibrium and at a higher average level than the unfished population. It is unclear how one should define sustainability for such a population.
Alternatively, one could posit that recruitment in the unfished population came from an environmental (exogenous) mechanism independent of spawning stock. To illustrate this effect, the model was restructured so that the same recruitment values (at age 1) over time occurred as in the unfished population, no matter what fishing mortality was applied. In that case, fishing the population at F ¼ 0:3 (or 0.5) does not change the chaotic dynamics of the population, because they stem solely from the environmental process ( figure 11 ).
In conclusion, depensation prevents a population from recovering quickly from depletion or overfishing. There are often good biological reasons to suspect that it is present, such as an inability of fishes to find mates at low population densities or increased predation of a smaller juvenile fish school. However, depensation has been hard to detect because it is confounded with environmental fluctuations. No matter what the cause, it is prudent to keep the population from dropping too low. Studies have suggested placing a threshold at 10-20% of K , below which fishing is curtailed (Beddington & Cooke 1983; Quinn et al. 1990b; Thompson 1993) . Studies have also shown that curtailing fishing at low population sizes is optimal for many objective functions involving catch (Hightower & Grossman 1987; Quinn et al. 1990b) .
(b) Stochasticity
The preceding analyses in this paper have been deterministic, but in reality, we suspect that most population parameters change, especially early-life survival. These changes are expected because the ecosystem is rarely in a stationary state and environmental conditions that affect population parameters are never constant. Theory has shown that stochastic early-life survival reduces median population growth rate (Quinn & Deriso 1999, ch. 7) .
For our stochastic prototype, we alter the Ricker spawnerrecruit relationship to include log-normal variability:
2 Þ, e$Nð0,r 2 Þ. This form of the equation is chosen so that the expected value of recruitment, E(N 1 ), is the same as the deterministic value, or EðN 1 Þ ¼ Eggs Â aexpðÀ bEggsÞ. The parameter r, which is approximately equal to the coefficient of variation of recruitment, is set to 1. This value is moderately high compared with valuesestimated with real populationsbut is useful for illustrative purposes. We generated 100 replicates of the stochastic model and calculated the mean and median of selected population variables (stochastic errors, recruitment, yield, egg production) for comparison with the deterministic ones.Fishingoccursatthe deterministicMSYvalue.
The stochastic errors e vary mostly between À2 and 2 among years and replications (figure 12a), as expected from the normal distribution. Not surprisingly, the mean and median errors across years vary without trend around zero (figure 12b). Multiplying the Ricker spawner-recruit function with exponentiated values of these errors produces widely varying recruitment values across years and replications (figure 13a). Interestingly, mean recruitment eventually becomes smaller in later years than the deterministic value (figure 13b). We attribute the former result to the fact that, in this situation, stochasticity results in spawning stocks for many years that are offset from the deterministic equilibrium, for which recruitment is near the peak (figure 4). The corresponding recruitments from these spawnings are smaller on average, because they will mainly occur to the left and right of the peak recruitment value in figure 4. This phenomenon was first noted by Cordue (2001) , in which the degree of difference is shown to be a function of natural mortality, the steepness of the spawner-recruit curve, and the level of recruitment variability. The median is smaller than both the mean and the deterministic value (figure 13b), which is in agreement with theory related to the skewed log-normal distribution, in which the median is less than the mean.
Both mean and median yields are smaller than the deterministic yield across time due to lower recruitment and correspondingly lower population abundance (figure 14a). The same differences occur with egg production (figure 14b).
The presence of stochasticity means that the population continues to vary over time rather than reaching a deterministic equilibrium. This concept is illustrated in figure 15 , showing the frequency distributions of egg production in a stochastic population under no fishing and fishing at the MSY level. The distributions are quite broad, and the mean is less than the deterministic value. Egg production under no fishing would never drop below a threshold level at 20% of the deterministic value under no fishing. However, the egg production in year 50 would be below this threshold 17% of the time when fishing at the MSY level. One operational definition of an overfished or depleted population is one that falls below this 20% level. In this case, fishing at MSY would produce an overfished population at time 50 in 17% of all realizations of this population.
In conclusion, stochastic effects are large on all population parameters examined, regardless of life stage (from recruitment to the fished population to egg production from the spawning stock). The overall effect of stochasticity is downward: yield and population abundance are lower than the deterministic case. Thus, more conservative action is necessary if stochasticity is present. It would be interesting to see if this pattern holds for other statistical distributions of the errors.
Taken together, the effects of depensation and stochasticity suggest that the classical view of sustainability needs to be altered to prevent the population from going too low. The neoclassical view considers both fishing mortality and abundance, as in figure 16 . Compared with the classical view in figure 7 , the range of sustainability is reduced in two ways: (i) low abundance below a specified level, say B thresh , is to be avoided; and (ii) the corresponding fishing mortality, F thresh , that reduces the population to this low level becomes the new limit and is smaller than F ext . The classical view of F MSY as a target remains unchanged.
MODERN SUSTAINABILITY
MSY is the target in both the classical and neoclassical views and its presence remains in many international, national and regional standards and legislative acts to this day (Quinn & Deriso 1999, ch. 11) . Various policies evolved to achieve MSY, include constant catch, exploitation and escapement policies. It has been clear that a constant catch at the MSY level is not sustainable, because insufficient production is available at any other biomass level than that producing MSY. Consequently, a constant catch policy must be at a lower level than MSY. Alternatively, constant exploitation or fishing mortality policies automatically adjust for variations in biomass and proper implementation should keep the population near the level producing MSY (albeit with variations depending on the level of stochasticity in the population). Larkin (1977) presaged many recent concerns in his Epitaph to MSY: 'Here lies the concept, MSY. / It advocated yields too high, . . .'. His concerns included a reduction in genetic variability, the observations of catastrophic declines in some fish populations and the inability to accommodate interactions among species. He concluded: 'It is certain that the concept of MSY will alone not be sufficient'.
As time-series became long enough to examine spawnerrecruit curves in the 1980s, it was clear that there was substantial uncertainty in the spawner-recruit relationship, presumably owing to environmental variability. Consequently, alternatives to F MSY were sought, which were not based on a spawner-recruit relationship, such as maximizing the yield per recruit by adjusting fishing mortality (F max ) and minimum size. However, F max is often larger than F MSY because it does not account for density dependence and, consequently, it is often not as conservative. An important development for increased conservatism was F 0.1 , which is the fishing mortality that produces a marginal 10% increase in yield per recruit compared to that at F ¼ 0; F 0.1 is necessarily less than F max (but not necessarily less than F MSY ).
All these biological reference points involve yield optimization as their primary objective. In a landmark paper, Sissenwine & Shepherd (1987) tied together yield per recruit, MSY and spawner-recruit theory and suggested a move to preserving spawning biomass (or egg production) or spawning biomass per recruit. By shifting the focus from the fishery to the resource, conservation and sustainability were explicitly made the primary objectives. Further work by Clark (1993) , Thompson (1993) and Mace & Sissenwine (1993) suggested that a constant fishing mortality policy, F x% , that preserves expected spawning biomass (or egg production) per recruit at x% of an unfished population, would be a suitable proxy for F MSY . Typical values of x are between 35 and 45 (Quinn & Deriso 1999, ch. 11) .
Another important development occurred in the 1990s: the formal consideration of risk (Francis & Shotton 1997; Punt & Hilborn 1997) . This development stemmed from advances in assessment methodology and decision-making by considering Bayesian methods and decision analysis. As one example, the International Council for the Exploration of the Sea has adopted a precautionary reference point, F pa , a fishing mortality rate with a low probability of stock collapse (ICES 1998). The major consequence of considering risk has been the recommendation of lower harvests and related management measures. This has led to quantitative harvest policies (also known as control rules), in which F MSY has changed from a target to a limit (Mace 2001) . Thus, the permissible set of fishing mortalities and abundances that constitutes sustainability in the modern view (figure 17) has been further restricted over that in the neoclassical view (figure 16). In this figure, there is a new grey area of caution between the target and limit values. Some people would consider the grey area sustainable; others would not.
More risk-averse control rules have been implemented in several fisheries than those based on constant fishing mortality. These rules include the aforementioned threshold level, below which fishing is curtailed, or biomass-based adjustment, which implements lower F at population abundance lower than the target level (figure 18). One advantage of the biomass-based adjustment is that more risk-averse action is taken continuously as a population drops below its desired target level, rather than waiting until it drops below the threshold level.
To illustrate the modern view of sustainability, we calculated the biological reference points mentioned above for the classical Ricker prototype (table 2). Average natural mortality is ca. 0.30, which can be viewed as an upper bound for reasonable harvest policies, in the sense that higher values are usually above the level producing MSY (Deriso 1982) . In this case, F MSY is the most risk-averse, perhaps because of strong density dependence and that the age of 50% maturity occurs two years after the age of 50% selectivity of the fishing gear. Fishing mortality reference points based on spawning biomass per recruit (40% of unfished), egg production per recruit (40%), and spawning abundance per recruit (50%) are similar and close to F 0.1 . These reference points exploit a small proportion of total abundance (6% or less) and exploitable abundance (25% or less) and preserve spawning biomass per recruit at 38% or more. F max is much larger than the others and would be at best on the outer bounds of sustainability.
Discounting is an economic term that relates to sustainability. With a positive discount rate, future yields from a fish stock are valued less than the same yield taken at present (Clark 1985) . Positive discount rates are commonly used for investment and management decisions, because of the uncertainty that future harvests will be available and because of alternative investment opportunities for capital. Clark (1985) stated a fundamental principle of renewable resource economics: 'Higher discount rates normally imply lower levels of resource conservation by private resource owners, other things being equal'. Positive discount rates are inconsistent with the modern view of sustainability, which assumes that fish stocks will be valued in the future at least as much as they are now. In fact, some environmental groups have advocated the use of negative discount rates, which would assign higher value to future harvests (see Quinn & Deriso 1999, p. 447) .
To illustrate the effect of discounting we calculated the sum of discounted yields from years 3 to 50 in 50-year simulations of the Ricker prototype model with different levels of fishing mortality. The first two years were omitted from the sum to remove the influence of the initial population sizes, which were the same for each value of fishing mortality. Simulations were run with high and low starting populations and with five different discount rates. For both starting population sizes, fishing mortality resulting in maximum discounted yield was higher with positive discounting (table 3) , because most of the value is obtained in the early years and catch in the later years has smaller value. Positive discounting is inconsistent with any definition of sustainability because discounted yield would be maximized at a fishing mortality greater than F ext (0.37).
With negative discounting, a slightly lower fishing mortality rate would maximize yield for the high starting population (table 3). The reason that we did not see bigger differences is that fishing mortality was fixed over the entire simulation time-frame. To obtain high yields in the future, one would need to allow the population to rebuild and then to fish it down again. However, a sustainable yield in the future would be the same as a sustainable yield today, so a Figure 15 . Frequency distributions of egg production in year 50 from 100 replications of a stochastic population without fishing (solid line) and with fishing at the MSY level (dotted line). Also shown are the deterministic (D) and mean (M) levels of egg production for both scenarios and a typical threshold level (T) at 20% of the deterministic unfished population.
negative discount rate may not be a useful concept. One could argue that the fish stock has a future value whether it is harvested or not and that the negative discount rate should be applied to stock abundance instead of yield. In this case, value would be maximized with no fishing, irrespective of the discount rate. A more useful approach is to explicitly recognize the trade-offs among conflicting objectives as discussed in x 6.
In conclusion, the modern view of sustainability is more focused on preservation of spawning biomass and production at all life stages than ever before. Many reference points are similar and usually lower than average natural mortality. Generally, assessment science has evolved to the point at which scientists know what levels of F are safe to preserve spawning biomass, avoid risk and allow harvest. Nevertheless, there are many situations in which the uncertainties in the information make it difficult to formulate prudent management decisions.
The objectives of scientific advice in the single-species setting have also become explicit and well defined. Quantitative control rules have been implemented for most US marine fisheries and the operational approach with simulation testing has been implemented around the world. Nevertheless, the choice of a particular reference point needs a process that can lead to scientific and political agreement(s) and must be adaptable to particular populations and situations. Our examination of discounted yield shows that the specified objective has major effects on the decision-making.
POST-MODERN SUSTAINABILITY
As mentioned in x 1, the single-species approach as implemented in the modern view of sustainability is under attack as being insufficient to guarantee sustainability in this post-modern period. In the future, it will be incumbent upon fishery management systems to explicitly consider other species requirements, ecosystem and habitat requirements, economic aspects, social/community aspects and institutional aspects, as itemized by Charles (2001) .
One danger is that the achievements of the past with single-species approaches will be thrown aside and replaced with 'warm and fuzzy' goals that lack a solid scientific basis. Under post-modern sustainability, it has frequently been mentioned that the goals are to provide for healthy ecosystems, healthy fishing communities, the needs of future generations and diverse fish communities. Yet, at the current time, there are no unambiguous definitions of these goals and no accepted scientific approach for achieving them (Link 2000) .
It is possible that the laudable goal of precaution that underlies post-modern sustainability will become an unscientific, political tool to unjustly deprive harvesters of their opportunity to earn a living. This could happen because the burden of proof under precautionary approaches shifts to the harvesters and regulators to show that regulations prevent harm or damage. Given the high degree of uncertainty and stochasticity in biological systems, it may not be possible to prove that an action will have no effect. Clearly, there is a need for balancing the burden of proof among competing sides (harvesters, protectors), but a fair approach has yet to be resolved. Therefore, the challenges for post-modern sustainability are several. There is a need to specify value judgements of desired outcomes, which may or may not be scientifically based. Definitions of sustainability need to be made operational and useful, so that the achievement of sustainability can be assessed. Quantitative objectives corresponding to these judgements and definitions will then have to be developed. It is likely that some of the multiple objectives will be incompatible, so there will have to be some kind of process for making trade-offs.
In our view, the next steps that are needed to move into the era of post-modern sustainability include the following.
(i) Avoid incorrect characterizations of the single-species approach. The criticisms listed in x 1 are examples of this problem.
(1) Single-species models are biased because they do not incorporate the predation by other species. In truth, the natural mortality parameter in these models accounts directly for such removals, although it is difficult to measure and probably varies over time as predator levels change. The degree of bias may be substantial for some forage species with widely varying predator populations. It may be minimal for predators near the top of the trophic web. (2) Assessment models are limited because of their emphasis on equilibrium solutions. As shown in this paper, an equilibrium point is an outcome of the necessary biological process of density dependence. Stochasticity can be included in population models so that the population continues to vary over time. Harvest strategies do not require a constant catch and can adapt to changes in the population, as described in the section on modern sustainability. (3) Assessment models do not usually account for environmental changes, whether interannual or interdecadal. In reality, much work has gone into development of advanced spawner-recruit models that account for environmental changes (Quinn & Deriso 1999, ch. 3) . As shown in this paper, stochasticity is readily incorporated into population models and has important consequences. (4) A correct assessment approach requires that a multi-species framework be used. Current single-species assessment models are essentially accounting models that seek to integrate the sources of information about a population. As such, they often account for the main biological processes affecting a population and avoid restrictive assumptions about such processes. Enhancements in single-species models are desirable (see point (iii)) and further investigation of multi-species models is warranted (see point (iv)). The increased biological realism in multi-species models needs to be balanced against their additional complexities and data requirements (see NRC 1998). (5) Harvest recommendations from single-species assessment do not consider the needs of other species. Multi-species considerations will not substitute for existing recommendations from single-species assessments. Instead, ecosystem considerations will supplement existing regulations to address additional concerns, such as bycatch, predator-prey demands and habitat alteration (Murawski 2000) . (6) Harvest recommendations from single-species assessment involve the deliberate fishing down of a population and therefore adversely change the ecosystem. In reality, modern reference points are developed to preserve spawning biomass of the population at its most productive level and to avoid threshold levels that may prevent the population from rebuilding quickly. (7) The single-species approach is invalidated, because overfishing has occurred for at least a majority of the world's fisheries. In most cases, it has not been the harvest recommendation that is at fault but rather the failure to implement it (Fogarty & Murawski 1998; Sissenwine & Mace 2001) . (8) Single-species approaches do not account for the indirect effects of fishing (e.g. bottom fishing on habitat quality).
While the direct effects of bottom fishing on benthic communities have been well studied (NRC 2002) , the indirect effects on fish production are much less well understood. Effort regulation is the cornerstone of fisheries management; stocks that are harvested at sustainable rates will have a smaller environmental 'footprint' than those that are overfished. Even so, certain vulnerable habitats require protections beyond that afforded by effort regulation.
(ii) Build on what is already known. The wealth of knowledge about fisheries management has increased enormously over the last 20 years. There have been major advances in single-species models and development of new economic theory. Some biological and economic models are among the most complex and stateof-the-art in the general fields of mathematics and statistics (Quinn 2003) . The insights that have developed from their development have influenced the approaches used in other fields. (iii) Encourage further single-species advancements. While modern assessment models are sufficiently complex for estimating population size, composition and related parameters over time, there is a need for improvement. Additional work is needed for approaches that allow population parameters such as natural mortality to vary over time (Fu & Quinn 2000) . Process-oriented studies are needed to explain the role of biological, physical and environmental processes in the dynamics of populations. Further simulation testing of harvest strategies is needed for robustness to environmental change and measurement errors in data (Butterworth et al. 1997; Cooke 1999) . The spatial dimension in stock assessments is often neglected, but the migratory nature of many populations should be incorporated (Quinn et al. 1990a Figure 18 . A biomass-based control rule with a target and a limit. In this example, a constant fishing mortality occurs when the population is above the target up to its carrying capacity. The target fishing mortality is smaller than the limiting fishing mortality of F MSY . When the population drops below the target biomass, fishing mortality is linearly reduced down to zero fishing mortality at a threshold level. A linear reduction in fishing mortality produces approximately a quadratic reduction in catch (yield % F Â B).
relation to habitat and discretization is needed. Further investigation of models that incorporate different sources of population variability need further attention. For example, models that combine chaotic behaviour from deterministic considerations and demographic variability from stochastic considerations are now being developed . There is also need for further research on the effects of excessive harvesting on demographic parameters, such as egg quality related to fish size, fecundity and maturity related to size and age, and survival as a function of bycatch. These factors could induce depensatory or genetic changes in populations. (iv) Encourage multi-species investigations. Multispecies models provide a first and attainable step toward placing single-species models in an ecosystem context. Predation is the main cause of natural mortality and its magnitude varies with the abundance of predator and prey populations. A suite of multi-species models exists for estimating the magnitude of predation mortality and evaluating its consequences for harvested populations (Hollowed et al. 2000) . Biological reference points for prey species with high and variable levels of predation mortality should be conditioned on predator abundance (Collie & Gislason 2001) . Keeping the multi-species models reasonably simple is desirable both to perform detailed mathematical analysis and to fully understand how the model's structure influences its outcomes (Olson et al. 2005) . Considerable work on estimating predation mortality rates in the 1980s and 1990s (MSVPA and other models) indicated that predation was considerably higher than the levels of natural mortality commonly assumed in classical single-species models. Especially in the North Sea, this led scientists to predict that regulations to increase the biomass of predator species would be counterproductive if they also increased the rates of cannibalism and predation mortality (Pope 1991) . Revisionist interpretations that incorporate stock-recruitment relationships now indicate that the expected gains in recruitment would more than compensate for increased losses to predation (Collie et al. 2003) . Therefore, consistent scientific advice based on multi-species models will necessarily require the correct specification of biological and ecological structure, which will remain a difficult challenge. (v) Develop tools for handling and visualizing multiple species and objectives. As fisheries models have become more complex, it has become correspondingly more difficult to visualize and to understand their output. Increased complexity is considered one of the main reasons that multi-species models are not more widely used. However, with modern graphical methods it is possible to present the results of complex models in a condensed form that can be readily understood by decision-makers (Wefering et al. 2000) . For example, projections of a multi-fleet, multi-species model of the North Sea have been summarized with AMOEBA plots (Collie et al. 2003) . Interactive versions of these visualization tools should be made available to decision-makers and stakeholders. (vi) Provide checklists for measuring performance. The development of sustainability indicators is being actively pursued all over the world. A checklist for single-species assessments (NRC 1998, Appendix D) involves stock issues, data quality, model specification and harvest evaluation. A similar approach for objectives related to the ecosystem and economic and social considerations could be useful. Charles (2001) provides a starting point by listing several different indicators.
In conclusion, this presentation of single-species models and approaches shows that the definition and understanding of sustainability is intimately associated with biological processes of survival, growth and reproduction. At least Table 2 . Biological reference points for the classical Ricker prototype, their average exploitation fractions (l 1 ¼ C=N; l 2 ¼ C=EN), and their values of spawning biomass per recruit. (F: full-recruitment fishing mortality; C: catch; N: abundance; EN: exploitable abundance, the sum over age of abundance times selectivity; SB: spawning biomass, the sum over age of the product of abundance, average weight, and maturity; E: egg production, the sum over age of the product of abundance, maturity, and fecundity; SN: spawning abundance, the sum over age of the product of abundance and maturity; R: recruitment, abundance of age 1 fishes.) some of these processes are necessarily density dependent, for a population to be regulated within the perimeters of its environment. Better understanding of both depensatory and compensatory processes is critical to understand the changes in a population. Biological processes must also necessarily be stochastic to explain the observed fluctuations of natural populations related to environmental and other factors that cannot yet be explained. Finally, these processes are dependent on other species and components of the ecosystem. For some populations, species interactions can be suitably handled through careful adjustment of the parameters of the single-species models; for others, a direct and explicit linkage is necessary to accurately measure sustainability (Collie & Gislason 2001) . The challenge is 'to integrate comprehensive models of key species of interest with comprehensive models of the biological, physical and chemical environment in which they live, while at the same time reducing the dimensions of complexity to manageable levels' (Mace 2001 ).
As we have progressed from classical to neoclassical to modern to post-modern views of sustainability, our perceptions have become more risk-averse to better account for the risks involved. The evolution of sustainability will probably continue to involve insights from the singlespecies approach combined with new approaches based on additional goals and objectives.
